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Characterization of rock masses and evaluation of their mechanical properties are important and chal-
lenging tasks in rock mechanics and rock engineering. Since in many cases rock quality designation (RQD)
is the only rock mass classiﬁcation index available, this paper outlines the key aspects on determination of
RQD and evaluates the empirical methods based on RQD for determining the deformation modulus and
unconﬁned compressive strength of rock masses. First, various methods for determining RQD are pre-
sented and the effects of different factors on determination of RQD are highlighted. Then, the empirical
methods based on RQD for determining the deformationmodulus and unconﬁned compressive strength of
rock masses are brieﬂy reviewed. Finally, the empirical methods based on RQD are used to determine the
deformationmodulus and unconﬁned compressive strength of rock masses at ﬁve different sites including
13 cases, and the results are compared with those obtained by other empirical methods based on rock
mass classiﬁcation indices such as rock mass rating (RMR), Q-system (Q) and geological strength index
(GSI). It is shown that the empirical methods based on RQD tend to give deformationmodulus values close
to the lower bound (conservative) and unconﬁned compressive strength values in the middle of the
corresponding values from different empirical methods based on RMR, Q and GSI. The empirical methods
based on RQD provide a convenient way for estimating the mechanical properties of rock masses but,
whenever possible, they should be used together with other empirical methods based on RMR, Q and GSI.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Natural rockmass differs frommost other engineeringmaterials
in that it contains discontinuities such as joints, bedding planes,
folds, sheared zones and faults which render its structure discon-
tinuity. To determine the engineering properties of rock masses, it
is important to consider the effect of discontinuities. As Palmström
(2002) noted: “The engineering properties of a rock mass often
depend far more on the system of geological defects within the rock
mass than on the strength of the (intact) rock itself. Thus, from an
engineering point of view, a knowledge of the type and frequency
of the joints and ﬁssures is often more important than the types of
rock involved. The observations and characterization of the joints
should therefore be done carefully.”
Becauseof thediscontinuousnatureof rockmasses, it is important
to choose the right domain that is representative of the rock mass
affectedby the structure analyzedwhendetermining theengineering
properties (Fig.1). The behavior of the rockmass is dependent on thef Rock and Soil Mechanics,
cs, Chinese Academy of Sciences. P
es/by-nc-nd/4.0/).relative scale between the problem domain and the rock blocks
formed by the discontinuities. When the structure is signiﬁcantly
larger than the rock blocks formed by the discontinuities, the rock
mass may be simply treated as an equivalent continuum for the
analysis (Brady and Brown, 1985; Brown, 1993; Hoek et al., 1995;
Zhang, 2005). Treating the jointed rock mass as an equivalent con-
tinuum (i.e. the equivalent continuum approach), different empirical
correlations have been proposed for estimating the engineering
properties of jointed rock masses based on the classiﬁcation indices
such as rock quality designation (RQD) (Deere et al., 1967; Coon and
Merritt, 1970; Seraﬁm and Pereira, 1983; Zhang and Einstein, 2004;
Zhang, 2010), rock mass rating (RMR) (Bieniawski, 1978; Seraﬁm
and Pereira, 1983; Yudhbir and Prinzl, 1983; Nicholson and
Bieniawski, 1990; Mitri et al., 1994; Sheorey, 1997; Aydan and
Dalgic, 1998), Q-system (Q) (Barton et al., 1980; Barton, 2002), and
geological strength index (GSI) (Hoek and Brown, 1997; Hoek, 2004;
Gokceoglu et al., 2003; Hoek and Diederichs, 2006).
Since in many cases RQD is the only information available for
describing rock discontinuities, this paper focuses on the determi-
nation of RQD and its utilization for evaluating the engineering
properties (mainly deformation modulus and unconﬁned compres-
sive strength) of rock masses. First, different methods forroduction and hosting by Elsevier B.V. This is an open access article under the CC
Fig. 1. Simpliﬁed representation of the inﬂuence of scale on the type of rock mass
behavior (after Hoek et al., 1995).
Fig. 2. Procedure for determination of RQD using coring (after Deere, 1989).
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determination of RQD are discussed. Then, different empirical
methods based on RQD for estimating the deformationmodulus and
unconﬁned compressive strength of rock masses are presented and
brieﬂy discussed. Finally, these empirical methods are used to
determine the deformation modulus and unconﬁned compressive
strength of rock masses at ﬁve different sites including 13 cases, and
the results are compared with those using other empirical methods
based on rockmass classiﬁcation indices RMR, Q and GSI. This paper
outlines thekeyaspectsondeterminationofRQDandprovidesuseful
information for effective evaluation of the deformationmodulus and
unconﬁned compressive strength of rock masses based on RQD.
2. Determination of RQD
RQD was proposed by Deere (1964) as a measure of the quality
of borehole core. The RQD is deﬁned as the ratio (in percentage) of
the total length of sound core pieces that is 0.1 m (4 inch) or longer
to the length of the core run. Besides the direct method for deter-
mining RQD from coring, different indirect methods are also
available for evaluating RQD.
For determination of RQD using core boring, the International
Society for Rock Mechanics (ISRM) recommended a core size of at
least NX (size 54.7mm) drilledwith double-tube core barrel using a
diamond bit. Artiﬁcial fractures can be identiﬁed by close ﬁtting of
cores and unstained surfaces. All the artiﬁcial fractures should be
ignored while counting the core length for RQD. The correct pro-
cedure for determining RQD from coring is shown in Fig. 2.
RQD can also be determined from discontinuity frequency ob-
tained from scanline sampling. Correlations between RQD and
linear discontinuity frequency have been derived for different
discontinuity spacing distribution forms (Priest and Hudson (1976);
Sen and Kazi, 1984; Sen, 1993). For example, for a negative expo-
nential distribution of discontinuity spacings, Priest and Hudson
(1976) derived the following relationship between RQD and linear
discontinuity frequency l:
RQD ¼ 100eltðlt þ 1Þ (1)
where t is the length threshold. For t ¼ 0.1 m as for the conven-
tionally deﬁned RQD, Eq. (1) can be expressed asRQD ¼ 100e0:1lð0:1lþ 1Þ (2)
Fig. 3 shows the relations obtained by Priest and Hudson (1976)
between measured values of RQD and l, and the values calculated
using Eq. (2). For values of l in the range of 6e16 m1, a good
approximation to measured RQD values is found to be given by the
following linear relation:
RQD ¼ 110:4 3:68l (3)
It is noted that Eq. (1) was derived based on the assumption that
the length of the sampling line L is large so that the term elL is
negligible. For a short sampling line of length L, Sen and Kazi (1984)
derived the following expression for RQDwith a length threshold t:
RQD ¼ 100
1 elL  lLelL
h
elLðlt þ 1Þ  elLðlLþ 1Þ
i
(4)
Fig. 4 shows the variation of RQD with the length of sampling
line L for discontinuity frequency l ¼ 10 m1 and length threshold
t ¼ 0.1 m. It can be seen that when L is smaller than about 0.5 m,
RQD increases signiﬁcantly as L increases. When L is larger than
0.5 m, RQD changes slightly with L. Therefore, it is important to use
sampling lines that are long enough so that eL can be negligible.
Seismic velocity measurements have also been used to estimate
RQD. By comparing the P-wave velocity of in situ rock mass with
laboratory P-wave velocity of intact drill core obtained from the
same rock mass, the RQD can be estimated by (Deere et al., 1967):
RQD ¼ vpFvp02  100% (5)
where vpF is the P-wave velocity of in situ rock mass, and vp0 is the
P-wave velocity of the corresponding intact rock.
Fig. 3. Relationship between RQD and discontinuity frequency l (after Priest and
Hudson, 1976).
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posed by researchers, including (El-Naqa, 1996; Bery and Saad,
2012):
RQD ¼ 0:77vpFvp01:05  100% (6)
RQD ¼ 0:97vpFvp02  100% (7)
although Sjogren et al. (1979) and Palmström (1995) proposed the
following hyperbolic correlation between RQD and P-wave
velocities:
RQD ¼ vpq  vpF
vpqvpFkq
 100% (8)
where vpq is the P-wave velocity of a rock mass with RQD ¼ 0, and
kq is a parameter taking into account the actual conditions of the in
situ rockmass. Based on regression analysis of the data obtained forFig. 4. Variation of RQD with the length of sampling line L.heavily fractured calcareous rock masses outcropping in southern
Italy, Budetta et al. (2001) obtained as vpq ¼ 1:22 km/s and
kq ¼ 0.69. Thus Eq. (8) yields:
RQD ¼ 1:22 vpF
1:22vpFð  0:69Þ
 100% (9)
It is noted that RQD varies with the direction of the borehole or
sampling line. As an example, Fig. 5 shows the variation of esti-
mated RQD by Choi and Park (2004) for a site in the west-southern
part of Korea on the lower hemisphere equal-angle stereo projec-
tion net. The variation of RQD with direction can be clearly seen.
Therefore, it is important to specify the corresponding direction
when stating a RQD value.
The RQD can also be estimated using the correlation between
RQD and volumetric discontinuity frequency lv (Palmström, 1974;
ISRM, 1978):
RQD ¼ 115 3:3lv (10)
where the volumetric discontinuity frequency lv is the sum of the
number of discontinuities per unit length for all discontinuity sets,
which can be determined from the discontinuity set spacings
within a volume of rock mass as (Palmström, 1982):
lv ¼ 1s1
þ 1
s2
þ 1
s3
þ/ (11)
where s1, s2 and s3 are the mean discontinuity set spacings. Random
discontinuities in the rock mass can be considered by assuming a
random spacing sr for each of them. According to Palmström
(2002), sr ¼ 5 m can be assumed. So the volumetric discontinuity
frequency lv can be generally expressed asFig. 5. Variation of estimated RQD (%) with scanline direction (after Choi and Park,
2004).
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þ 1
s2
þ 1
s3
þ/þ Nr
5
(12)
where Nr is the number of random discontinuities.
The use of volumetric discontinuity frequency lv for estimating
RQD provides a quite useful way in reducing the directional
dependence of RQD. It is also possible to do core boring, scanline
sampling and/or wave velocity measurements at different di-
rections and then evaluate the overall RQD of the rock mass.3. Empirical methods based on RQD for estimating rock mass
properties
3.1. Estimation of deformation modulus
Based on ﬁeld studies at Dworshak Dam, Deere et al. (1967)
suggested that RQD be used for determining the deformation
modulus of rock masses. By adding more data from other sites,
Coon andMerritt (1970) developed a relation between RQD and the
modulus ratio Em/Er as shown in Fig. 6, where Em and Er are the
deformation moduli of the rock mass and the intact rock,
respectively.
Gardner (1987) proposed the following relation for estimating
Em from Er by using a reduction factor aE which accounts for the
frequency of discontinuities by RQD:
Em ¼ aEEr
aE ¼ 0:0231RQD 1:32  0:15

(13)
This method was adopted by the American Association of State
Highway and Transportation Ofﬁcials in the Standard Speciﬁcation
for Highway Bridges (AASHTO, 1996). For RQD >57%, Eq. (13) is the
same as the relation of Coon and Merritt (1970), while for
RQD < 57%, Eq. (13) gives Em/Er ¼ 0.15.
It is noted that the RQD-(Em/Er) relations by Coon and Merritt
(1970) and Gardner (1987) have the following limitations (Zhang
and Einstein, 2004):Fig. 6. Variation of Em/Er with RQD proposed by Coon and Merritt (1970).(1) The range of RQD < 60% is not covered or only an arbitrary
value of Em/Er is selected for the whole range.
(2) For RQD ¼ 100%, Em is assumed to be equal to Er. This is
obviously unsafe in design practice because RQD ¼ 100%
does not mean that the rock is intact. There may be discon-
tinuities in rock masses with RQD ¼ 100% and thus Em may
be smaller than Er even when RQD ¼ 100%.
Zhang and Einstein (2004) expanded the database shown in
Fig. 6 by collecting more data from the published literature (see
Fig. 7). The expanded database covers the entire range
(0  RQD  100%) and shows a nonlinear variation of Em/Er with
RQD. The rocks for the expanded database include mudstone, silt-
stone, sandstone, shale, dolerite, granite, limestone, greywacke,
gneiss, and granite gneiss. Again, one can see the large scatter of the
data, especially when RQD >65%. Zhang and Einstein (2004) dis-
cussed the possible reasons for the large scatter, including test
methods, directional effect, discontinuity conditions and insensi-
tivity of RQD to discontinuity frequency (or spacing). Using the
expanded database, Zhang and Einstein (2004) derived the
following RQD-(Em/Er) relation for the average trend:
aE ¼
Em
Er
¼ 100:0186RQD1:91 (14)
The average RQD-(Em/Er) relation gives aE¼ 0.95 at RQD¼ 100%,
which makes sense because there may be discontinuities in rock
masses at RQD ¼ 100% and thus Em may be smaller than Er even
when RQD ¼ 100%. By plotting the RQD-(Em/Er) relations by Coon
and Merritt (1970) and Gardner (1987) also in Fig. 7, one can
clearly see that it is not reasonable to assume a constant Em/Er value
at the low RQD region.3.2. Estimation of unconﬁned compressive strength
Kulhawy and Goodman (1987) suggested that, as a ﬁrst
approximation, the unconﬁned compressive strength scm of rock
masses be taken as 0.33sc when RQD is less than about 70% andFig. 7. Expanded data and different relations between Em/Er and RQD (Ebisu et al.,
1992).
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100% (see Fig. 8), where sc is the unconﬁned compressive strength
of the intact rock. The Standard Speciﬁcations for Highway Bridges
adopted by AASHTO (1996) suggested that scm be estimated using
the following expression:
scm ¼ assc
as ¼ 0:0231RQD 1:32  0:15

(15)
The variation of scm/sc with RQD based on Eq. (15) is also shown
in Fig. 8. It can be seen that the general trend of these two relations
between scm/sc and RQD is about the same: scm/sc is constant
when RQD is smaller than a certain value and then linearly in-
creases when RQD increases. Obviously it is inappropriate to as-
sume that scm/sc is constant when RQD varies from 0 to a certain
value (70% for the relation of Kulhawy and Goodman (1987) and
64% for the relation of AASHTO (1996)). For example, for a very poor
quality rock mass (RQD < 25%) and a fair quality rock mass
(RQD ¼ 50e75%), different scm/sc values should be expected.
It is also noted that the scm/sc versus RQD relation in Eq. (15) is
the same as the Em/Er versus RQD relation in Eq. (13), which may
not be appropriate. Researchers have studied the relation between
scm/sc and Em/Er and found that they can be related approximately
by the following equation (Ramamurthy, 1993; Singh et al., 1998;
Singh and Rao, 2005):
scm
sc
¼ as ¼

Em
Er
q
¼ aqE (16)
where the power q varies from 0.5 to 1 and is most likely in the
range of 0.61e0.74 with an average of 0.7. It can be seen that the
AASHTO method (Eq. (15)) uses the upper bound value of q ¼ 1.
It needs to be noted that the relation between scm/sc and Em/Er
(Eq. (16)) is derived based only on triaxial test data on jointed rock
mass specimens with different joint frequencies, orientations and
conditions (Ramamurthy, 1993; Singh et al., 1998; Singh and Rao,
2005) and has not been tested against ﬁeld cases. The power q in
Eq. (16) may vary signiﬁcantly for different rock types and
discontinuity conditions. Nevertheless, using the average value ofFig. 8. Comparison of scm/sc versus RQD relations by Kulhawy and Goodman (1987),
AASHTO (1996), and Zhang (2010), respectively.q ¼ 0.7 and the Em/Er versus RQD relation in Eq. (14), Zhang (2010)
derived the following scm/sc versus RQD relation:
scm
sc
¼ as ¼ 100:013RQD1:34 (17)
Fig. 8 shows a comparison of the scm/sc versus RQD relation (Eq.
(17)) with the suggestions, respectively by Kulhawy and Goodman
(1987) and AASHTO (1996). Eq. (17) covers the entire range
(0  RQD  100%) continuously. For RQD >70%, Eq. (17) is in good
agreement with the suggestions of Kulhawy and Goodman (1987)
and AASHTO (1996). For RQD <70%, however, Eq. (17) is different
from the suggestions of Kulhawy and Goodman (1987) and
AASHTO (1996), with Eq. (17) considering the continuous variation
of scm/sc with RQDwhile the suggestions of Kulhawy and Goodman
(1987) and AASHTO (1996) both assuming constant scm/sc values.4. Comparative analysis and discussion
4.1. Comparative analysis
To evaluate the empirical methods by Zhang and Einstein
(2004) and Zhang (2010) for estimating the deformation
modulus and unconﬁned compressive strength of rock masses
using RQD, they are applied to ﬁve sites with detailed geotech-
nical information available: the Sulakyurt dam site in central
Turkey (Ozsan et al., 2007), the Tannur dam site in south Jordan
(El-Naqa and Kuisi, 2002), the Urus dam site also in central
Turkey (Ozsan and Akin, 2002), a high tower site at Tenerife Is-
land (Justo et al., 2006), and an open pit mine site in the vicinity
of Berlin, Germany (Alber and Heiland, 2001). The results are
compared with those from other empirical methods based on the
commonly used rock mass classiﬁcation indices RMR, Q and GSI
in order to indirectly check the accuracy of the empirical
methods based on RQD. Table 1 lists the properties of rocks at the
ﬁve sites which cover a reasonable but clearly limited range of
rock types. Tables 2 and 3 list the empirical methods based on
RMR, Q and GSI for estimating the deformation modulus and
unconﬁned compressive strength of rock masses, respectively. It
is noted that these empirical methods were developed based on
databases of different sources and, as shown below, may give
very different estimation values.
Fig. 9 summarizes the estimated deformation modulus values
from the empirical method based on RQD by Zhang and EinsteinTable 1
Summary of rock properties at ﬁve sites (after Alber and Heiland, 2001; El-Naqa and
Kuisi, 2002; Ozsan and Akin, 2002; Justo et al., 2006; Ozsan et al., 2007).
No. Rock Er (GPa) sc (MPa) RQD (%) RMR Q GSI References
1 Granite 31.5a 74 8.5 24 0.08 19 Ozsan et al.
(2007)2 Diorite 19.5a 60 1.5 21 0.05 16
3 Limestone (L1) 24.8a 31 54 57 4.23 52 El-Naqa and
Kuisi (2002)4 Limestone (L2) 10.4a 13 50 59 5.29 54
5 Limestone (R1) 29.6a 37 48 59 5.29 54
6 Limestone (R2) 21.6a 27 45 54 3.04 59
7 Marly limestone 22.4a 28 44 55 3.39 50
8 Andesite 41.9 93 41 34 0.56 41 Ozsan and
Akin (2002)9 Basalt 40 142 15 38 0.63 42.5
10 Tuff 11.6 24 10 21 0.11 31
11 Basalt (d1) 60.9 69 77 59 6.6 52 Justo et al.
(2006)12 Basalt (d2) 5.3a 15 42.5 38 3.4 39
13 Limestone 25.7 41 50 57 2.4b 52 Alber and
Heiland
(2001)
a Estimated using the modulus ratio (MR ¼ Er/sc) values from Hoek and
Diederichs (2006).
b Estimated from GSI using the correlation GSI ¼ 9lnQ þ 44.
Table 2
Empirical relations based on RMR, Q and GSI for estimating deformationmodulus Em
of rock masses.
Authors Relation Equation
No.
Bieniawski (1978) Em ¼ 2RMR 100 ðRMR > 50Þ (18)
Seraﬁm and
Pereira (1983)
Em ¼ 10RMR1040 ðRMR  50Þ (19)
Nicholson and
Bieniawski (1990)
Em
Er
¼ 0:0028RMR2þ0:9eRMR=22:82100 (20)
Mitri et al. (1994) EmEr ¼
1cosðpRMR=100Þ
2 (21)
Read et al. (1999) Em ¼ 0:1ðRMR=10Þ3 (22)
Barton (2002) Em ¼ 25 log10Q (23)
Barton (2002) Em ¼ 10ðQsc=100Þ1=3 (24)
Hoek et al. (2002) Em ¼ ð1 D=2Þ
ﬃﬃﬃﬃﬃﬃ
sc
100
q
10
GSI10
40 ðsc  100 MPaÞ (25)
Gokceoglu
et al. (2003)
Em ¼ 0:0736e0:0755RMR (26)
Gokceoglu
et al. (2003)
Em ¼ 0:1451e0:0654GSI (27)
Sonmez
et al. (2004)
Em
Er
¼ s0:4a ; s ¼ e
GSI100
9 ; a ¼ 12þ e
GSI=15e20=3
6 (28)
Hoek (2004) Em ¼ 0:33e0:064GSI (29)
Hoek and
Diederichs (2006)
Em ¼ 100
	
1D=2
1þeð75þ25DGSIÞ=11


(30)
Hoek and
Diederichs (2006)
Em
Er
¼ 0:02þ 1D=21þeð60þ15DGSIÞ=11 (31)
Sonmez et al. (2006) EmEr ¼ 10ðRMR100Þð100RMRÞ=4000 expðRMR=100Þ (32)
Note: The empirical relations before 1989 use RMR76 which is smaller than RMR89
by 5. D is the disturbance factor.
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all 13 cases at the ﬁve sites. It can be seen clearly that the estimated
values from the empirical method based on RQD are mostly at or
slightly smaller than the low values (lower bound) of the estimated
values from the different empirical methods based on RMR, Q and
GSI. So the empirical method based on RQD by Zhang and Einstein
(2004) tends to give conservative estimation of the deformationTable 3
Empirical relations based on RMR, Q and GSI for estimating unconﬁned compressive
strength scm of rock masses.
Authors Relation Equation
No.
Yudhbir and Prinzl (1983) scmsc ¼ e
7:65ðRMR100Þ
100 (33)
Ramamurthy et al. (1985);
Ramamurthy (1996)
scm
sc
¼ eRMR10018:75 (34)
Trueman (1988); Asef et al.
(2000)
scm ¼ 0:5e0:06RMR ðMPaÞ (35)
Kalamaras and Bieniawski
(1993)
scm
sc
¼ eRMR10024 (36)
Hoek et al. (2002) scmsc ¼ e
GSI100
93D
	
1
2þ16

e
GSI
15e203


(37)
Bhasin and Grimstad (1996);
Singh and Goel (1999)
scm ¼ 7gfcQ1=3 ðMPaÞ;
where fc ¼ sc/100 for Q > 10
and sc > 100 MPa, otherwise
fc ¼ 1; and g is the unit weight
of the rock mass in g/cm3
(38)
Sheorey (1997) scmsc ¼ e
RMR100
20 (39)
Aydan and Dalgic (1998) scmsc ¼ RMRRMRþ6ð100RMRÞ (40)
Barton (2002) scm ¼ 5gðQsc=100Þ1=3 ðMPaÞ (41)
Hoek (2004) scmsc ¼ 0:036e
GSI
30 (42)
Singh et al. (1997) scm ¼ 7gQ1=3 ðMPaÞ (43)modulus of rock masses compared to the different empirical
methods based on RMR, Q and GSI.
Fig. 10 summarizes the estimated unconﬁned compressive
strength values from the empirical method based on RQD by Zhang
(2010) and other empirical methods based on RMR, Q and GSI for all
13 cases at the ﬁve sites. The estimated values from the empirical
method based on RQD are essentially in themiddle of the estimated
values from the different empirical methods based on RMR, Q and
GSI.4.2. Discussion
Determination of the deformation modulus and unconﬁned
compressive strength of jointed rock masses is an important and
challenging task in rock mechanics and rock engineering. The
empirical methods based on RQD provide a convenient way for
estimating the deformation modulus and unconﬁned compressive
strength of rock masses because, in many cases, RQD is the only
available information about discontinuities in routine site in-
vestigations. However, care should be taken when applying the
empirical methods based on RQD for determining the deformation
modulus and unconﬁned compressive strength of rock masses
because RQD is only one of the many factors that affect the
deformability and strength of jointed rock masses. Other factors
such as discontinuity orientation and discontinuity surface condi-
tions can also have a great effect on the deformability and strength
of jointed rock masses.
To apply the empirical methods based on RQD for determining
the deformation modulus and unconﬁned compressive strength of
rock masses, the following aspects should be noted:
(1) When RQD is the only information available about rock
discontinuities, the empirical methods based on RQD can
be used to estimate the rock mass deformation modulus
and unconﬁned compressive strength but care should be
taken when applying the estimated values. The empirical
methods based on RQD should be used only for a ﬁrst
estimation.
(2) When RQD and other information are available for deter-
mining the rock mass classiﬁcation indices RMR, Q and GSI,
the empirical methods based on RQD should be used
together with the empirical methods based on RMR, Q and
GSI to evaluate the rock mass deformation modulus and
unconﬁned compressive strength. The estimated values from
the empirical methods based on RQD can be compared with
the ranges of the estimated values from the empirical
methods based on RMR, Q and GSI to get an idea on the effect
of RQD on the deformability and strength of rock masses.5. Conclusions
This paper reviewed the methods for determining RQD and
evaluated the empirical methods based on RQD for estimating the
deformationmodulus and unconﬁned compressive strength of rock
masses. The conclusions are as follows:
(1) There are different methods for determining RQD. It is
important to consider the effect of different factors such as
sampling length and direction on RQD when using a method
to determine RQD.
(2) The empirical method based on RQD by Zhang and Einstein
(2004) for estimating deformation modulus of rock masses
tends to give low (conservative) values compared to the
different empirical methods based on RMR, Q and GSI.
Fig. 9. Estimated rock mass deformation modulus values from the existing empirical methods based on RMR, GSI or Q and the method based on RQD.
Fig. 10. Estimated rock mass strength values from the existing empirical methods based on RMR, GSI or Q and the method based on RQD.
L. Zhang / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 389e397 395(3) The empirical method based on RQD by Zhang (2010) for
estimating unconﬁned compressive strength of rock
masses tends to give values in the middle of the values
from the different empirical methods based on RMR, Q and
GSI.(4) The empirical methods based on RQD provide a convenient
way for estimating the deformationmodulus and unconﬁned
compressive strength of rock masses but, whenever possible,
they should be used together with other empirical methods
based on RMR, Q and GSI because RQD is only one of the
L. Zhang / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 389e397396many factors that affect the deformability and strength of
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